Absfrad: Recent work shows that the range of morphology of anode streamers in liquid dielectric breakdown is predicted when it is represented as stochastic growth of a branching fracaffected streamer growth in a manner that was consistent with increasing the electric field strength in the direction of propagation.
INTRODUCTION
Recent work by Fowler, Devaney? and Hagedom [l] bas simulated the fast positive streamer stage of liquid breakdown as stochastic growth of a branching fractal tree. Key attributes of that model were:
1. There existed a threshold voltage for a location adjacent to an existing streamer below which no growth could occur. The threshold was determined by examining the voltages in locations adjacent to the electrode tip. 2. The probability of growth from one location to an adjacent location is weighted by a power of the voltage difference.
These attributes are mathematical assumptions. They are physically plausible but are not rooted in a model 'of the discharge physics. These assumptions, however, are key to developing predicted growth pattems that are consistent with experimental observations. For example, the threshold assumption provides for no possibility of growth in areas sufficiently shielded by the previous growth. The concept of such shielding builds on the early work of Kelley and Hebner [2] , who showed that the electric field distribution in advance of a propagating streamer is consistent with the assumption that the streamer is a conductor.
Subsequent work by Lesaint and Massala [3, 41 showed that limiting lateral streamer growth
approach with published experimental observations provides some insight as to physical processes that may he consistent with the model assumptions. First, it is useful to consider those experimental conditions that enhance the formation of streamers like those' modeled by a linear weighting of the streamer formation probability, i.e. the more dense streamers: Lesaint and Massala [6] studied the effects of voltage changes on positive streamer propagation in large oil gaps. At increasing levels of overvoltage, they find the streamer forms broader branching patterns.
A number of works [7, 8, 91 have shown that the addition of &omatic additives to insulating liquids increases the branching density.
There are also experimental conditions that have been shown to suppress the bushier streamers (type 1 in the language of Hebner [5] or weighted by a linear function in the language of Fowler et al Ill). These include:
At high voltage levels prior to streamer initiation, the branching density is decreased. McKenny and McGrath [lo] have shown, using 300 ns rise-time voltage pulses, that if the voltage level is held near the level needed for streamer initiation, streamers with high branching density are produced. If, however, the voltage is raised well beyond that required for streamer onset prior to the streamer initiation, a sparse streamer is produced. 
COMPONENTS OF A MODEL
These theoretical and experimental investigations suggest possible physical models that are useful to guide further work. The observations and model summarized above appear to be consistent with a process in which a free or nearly free electron is produced in a small volume near the streamer or the electrode if the streamer has not yet formed. Definitive mechanisms for this production have not yet been elucidated. Onsager [ 111, however, has shown, for ion-electron pairs produced by photon or collisional ionization, an external field increases the probability that the electron escapes recombination. Subsequent experiments [ 121 on photoionization from excited states in insulating liquids have shown the production and extraction of thermalized electrons in hydrocarbon fluids.
A'model that can be postulated is'one analogous to the critical volume model used in gases [13] . Conceptually, the critical volume is a volume whose boundary nearest the streamer or electrode is sufficiently far from the streamer, e.g. a few mean free paths, so an electron in that volume can produce its own streamer as it joins the initial streamer. The outer boundary is defined as the distance from the initial streamer or electrode at which an electron can gain sufficient energy from the electric field in one mean free path to produce collisional ionization. So, the critical volume is dependent on the dynamic electric field distribution.
From the definition of the critical volume, V,, the probability, dP, that an electron will be accelerated from the undisturbed fluid to the propagating streamer, during time dt, with sufficient energy to produce additional ionelectron pairs as it propagates is dP= (l-P)lvc (dddt),P,dVdt
where (1-P) is the probability a breakdown has not already occurred in the volume element, (dddt), is the instantaneous rate of electron production, Po is the probability an electron does not recombine with the ion from which it detached, and dV is a volume element, and the integration is over the critical volume.
There is an important extension of the critical volume approach as applied to liquids suggested by the modeling of Fowler et al [l] . In gases, the critical volume is assumed to be near the electrode and, once a streamer is initiated, other processes govern its propagation. For liquids, the assumption is this process is repeated until the streamer connects the electrodes.
Assuming for the field strengths of interest the electron production is independent of the field strength, the only field strength dependence is in Po. Onsager [ l l ] showed that probability could be expressed as a power series expansion of the field. This is conceptually consistent with the analysis by Fowler et al [l] in that it ties the probability of the existence of an appropriate electron to the field. It should be noted this model is related to, but different from, that proposed by Billar [14] . Here it is assumed electron production is a random and infrequent event largely independent of the applied field. The primary role of the field is to reduce the probability of recombination after an ion-electron pair is produced. In Billar's work, however, he assumes the fluid has "easily ionizable" molecules that are ionized by the field.
EXPERIMENTAL INVESTIGATIONS
To examine the limitations of this conceptual model, comparisons. are made with measurements of the effect of using a commercial antistatic additive [15] .
This experimental approach showed promise to increase the production of effective electrons, i.e. to increase (dddt), as in (1). High-speed photographic measurements of streamer morphology were made using pure toluene and toluene with 10 parts per million by volume of ASA-3, a commercial antistatic additive for hydrocarbon fuels. The anti-static additive dissociates into positive and negative molecules that increase the low frequency electrical conductivity of the liquid. During the course of an electrical breakdown, these molecules will not move, but they are expected to increase the instantaneous rate of electron production andor to reduce the attachment probability. The measurements were made for positive streamers in a 3 mm point-plane gap. The applied voltage was pulsed with rise and fall times of about 1 p and duration of about 6 p. The results are summarized in Table 1 . 
DISCUSSION
The primary reason the velocity is lower and the standard deviation is higher for the higher applied voltage is, at the higher voltage, the streamers stopped, or nearly stopped, growing for periods up to a few tenths of a microsecond. This effect was more pronounced in the doped than the pure toluene. Conceptually, these results are consistent with the fractal model [ 11 and the experiments of Lesaint and Massala [4] . Specifically, there are ample electrons available for streamer growth and more with the additive than without. At a high enough voltage, these electrons are accelerated to produce a highly branched structure that effectively smoothes and reduces the electric field in front of the streamer, producing a small critical volume further from the streamer. At that point, the streamer growth is interrupted until an electron is produced in the new critical volume.
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Qualitative inspection of the data suggests the additive converts the streamer morphology from sparse to dense as would be expected from the fractal model. The resolution of the photographs makes this observation too subject to interpretation to yield definitive results. The average velocity data, however, is sufficiently robust to make the measured differences significant. At the 48 kV level, the standard deviations for the two data sets were less than 20%. At 60 kV, the standard deviations were about 40%. These large standard deviations result from the fact the growth is n^t uniform with time, consistent with the assumed growth pattem in the fractal model. With their faster pulse rise time, particularly if they had fewer effective electrons in their fluid, they could produce a very large critical volume prior to streamer initiation. A large critical volume makes it more likely a longer streamer will be produced initially. The longer streamer could produce more field enhancement, making it increasingly likely a faster streamer would develop. So, differing electron production and recombination rates coupled with different pulse shapes suggest these seemingly contradictory results can both be expected outcomes from the same model.
SUMMARY
This work explores key connections between the fractal model and the observable physical processes. A strength of the model is that it demonstrates excellent correlation with observed streamer morphologies. The challenge of the model is that the key parameter, the voltage dependence of growth of a given size in a given direction, likely depends on factors such as the electron production and recombination rates that are not easily amenable to direct experimental verification. This work that attempts to vary these rates can produce results consistent with the conceptual basis of the model.
